In juvenile idiopathic arthritis (JIA), there are now more than 25 regions represented by single nucleotide polymorphisms that show strong genetic associations. The causal variants and corresponding functions have not yet been defined for the majority of these regions. Here, we review current JIA association findings and the recent progress in the annotation of noncoding portion of the human genome as well as the new technologies necessary to apply this knowledge to JIA association findings.
INTRODUCTION
The cause of juvenile idiopathic arthritis (JIA) remains unknown, but likely includes complex interactions between genes and environmental exposures resulting in dysregulation of the immune system. Genomics, a relatively new scientific discipline, driven by rapidly advancing technologies, has enabled new approaches to understand complex disease. Over the last few years, genome-wide association studies (GWAS) in multiple autoimmune diseases, including JIA, have identified hundreds of genomic loci harboring risk variants that typically are represented by single-nucleotide polymorphisms (SNPs) and may often represent markers in linkage disequilibrium (LD) with the causal variant(s). Although risk loci can map to protein coding regions (2% of genome) and affect protein function by altering protein sequence, translation rate or alternative splicing of exons, it is more likely that functional variants lie in noncoding regions of the genome. Noncoding variants can affect regulatory elements, chromatin architecture or noncoding RNA (ncRNA) and modulate gene expression in a tissue-specific, disease state manner. Here, we review current JIA genetic findings and discuss the application of post-GWAS technologies to understand the role of genetic variation in JIA pathobiology.
GENOME-WIDE ASSOCIATION STUDIES
GWAS have been greatly successful at identifying common variants associated with susceptibility to many complex traits. In a recent meta-analysis of genome-wide studies of adult rheumatoid arthritis (RA), Okada et al. [1 && ] analyzed data representing 29 880 RA cases and 73 758 controls after imputation which allowed the evaluation of 10 million SNPs. Using bioinformatics methods based on functional annotation, expression quantitative loci and pathway analysis and including overlapping loci reported for human primary immunodeficiency, somatic mutations in hematological malignancies and knockout phenotypes in mice, 98 biological candidate genes at 101 risk loci were identified. Of interest, this study demonstrated that these candidate genes are targets of approved RA therapeutic agents. These results are important for several reasons. First, they shed light on fundamental genes and pathways contributing to RA pathogenesis. Second, they provide empirical evidence that understanding the genetics of a disease can provide important information for drug discovery. Finally, identification of genes that overlap between JIA and phenotypes such as RA or Systemic Lupus Erythematosus may facilitate the application of new pharmacological agents.
To date, there have been two JIA GWAS. The first included all JIA subtypes with 279 cases in the discovery cohort and 321 cases for validation and was limited to 100 000 SNP markers [2] . The human leukocyte antigen (HLA) region showed the strongest association, and the second strongest association was a SNP in the VTCN1 gene, which encodes the costimulatory molecule B7-H4. VTCN1 variants were also associated with RA in a Dutch cohort [3] . Furthermore, a recent study [4] of 272 children with JIA, found that VTCN1 SNP rs10923223 and JIA subtype were the strongest independent predictors of disease course, suggesting a role for VTCN1 in both JIA and RA pathogenesis.
Another GWAS of 814 oligoarticular and polyarticular JIA cases and 3058 controls reported 11 SNPs that were also genotyped in a large replication cohort of over 1700 JIA cases [5] . The discovery cohort revealed evidence of association of JIA with chromosomal region 3q13 which includes CD80, KTELC1 and c3orf1 genes with one SNP in the region significantly associated in the replication cohort. Another association (rs6479891) was reported near JMJD1C, a gene that encodes a histone demethylase. Of interest, gene expression data on 68 JIA cases and 23 controls showed cis expression quantitative trait locus associations for SNPs in C3orf1 and JMJD1C. By correlating gene expression findings with genetic association results, this study suggests novel genes as plausible JIA candidates.
A consortium to investigate shared loci identified in GWAS across autoimmune disorders developed a custom genotyping array called the Immunochip [6] . The Immunochip has almost 200 000 SNPs, including dense coverage of the Major Histocompatibility Complex (MHC) region, and approximately 180 loci with strong statistical evidence of association with one or more of 12 autoimmune diseases [6] and can be done at a fraction of the cost of a genome-wide SNP array. Studies utilizing the Immunochip have been successful at identifying loci associated with many autoimmune disorders, including celiac disease [7] , inflammatory bowel disease (IBD) [ ]. In total, 250 000 samples were genotyped and are providing a future opportunity for a large meta-analysis to potentially discern genetic contributions to sub-phenotypes present in more than one disease type and features related to autoimmunity in general. To facilitate such comparisons, a curated and integrated set of data sets and tools was developed (www.immuno base.org). Noteworthy, a combined analysis of Immunochip data with published GWAS data allowed the identification of 163 loci associated with
For JIA, an international consortium was formed to maximize sample size which included 2816 cases with oligoarticular or RF-negative polyarticular JIA and 13 056 controls [11 && ]. In addition to confirming the three loci that had previously been associated at genome-wide levels of significance (HLA, PTPN22, PTPN2), 14 new loci were identified, including Interleukin-2 pathway members Interleukin2RA, Inter-leukin2RB, Interleukin2-I, Interleukin21 and related loci, SH2B3 and STAT4, highlighting the importance of the Interleukin-2 pathway in JIA pathogenesis. In addition, 11 loci were found at suggestive levels of significance. Of the 17 regions that reached
KEY POINTS
The discovery of JIA-associated risk variants has accelerated in the past few years with genome-wide and Immunochip assays revealing novel loci in both coding and noncoding regions of the genome.
The ENCODE project and other large scale initiatives to annotate the noncoding portion of the genome have created a 'user's guide' for the human genome.
JIA-associated risk loci can be analyzed bioinformatically, in the context of this functional annotation to predict biological impact.
Functional validation is required for designating variants as 'disease causing', and facilitated by the availability of genome editing tools such as CRISPR technology to artificially recreate the variant in a model system relevant for disease. genome-wide significance, LD patterns and functional annotation provided strong evidence to localize the signal to a single gene in eight loci. Many of the loci are shared with other autoimmune diseases. Thus, the JIA Immunochip consortium has demonstrated the benefits of international collaboration by successfully identifying a large number of variants predisposing to the most common forms of JIA [11 && ].
HUMAN LEUKOCYTE ANTIGEN ASSOCIATIONS
It has been known for decades that certain HLA-DRB1 alleles encoding the shared epitope (consensus amino acid sequence in positions 70-74 in the b1 subunit of the HLA DR molecule) were strongly associated with the risk of RA Amino acid position 11 of HLA-DRb1 showed the strongest association (P < 1 Â 10 À581 ), with Val or Leu conferring a high risk of disease. HLA-DRb1 amino acids at positions 71 and 74 were also associated with RA. After conditioning on positions 11, 71 and 74, no residual association at other HLA-DRb1 amino acids was observed. Amino acids at position 9 in HLA-B and HLA-DPb1 also demonstrated association after conditioning on these amino acids and, in those at positions 11, 71 and 74 in HLA-DRb1, there were no residual signals of association across the MHC, suggesting that the association between MHC and risk of RA can be almost completely explained by these five positions. This discovery highlights that the application of novel analytical techniques can improve our understanding of disease. A similar approach is being taken using Immunochip data to help unravel JIA disease-specific associated amino acids. Interestingly, DRB1 susceptibility alleles are not shared between JIA and RA and in fact, DRB1Ã04 : 01 which contains a Val at amino acid 11 is protective in JIA [14] . Finemapping genetic risk across the HLA region at the amino acid level may provide important clues to understanding antigens that potentially trigger disease in susceptible individuals and lead to a better understanding of JIA etiology.
RARE VARIANTS IN COMPLEX DISEASES
The loci identified by GWAS, based on genotyping of common SNPs (minor allele frequency ! 0.05), typically only explain a small fraction of the disease heritability. This is especially true for JIA, in which 28 associated loci explain 18% of disease risk [11 && ]. Likewise in RA, more than 100 associated loci explain only about 35% of disease risk [1 && ,15]. Many explanations for this missing heritability have been suggested, including much larger numbers of variants of smaller effect yet to be found, rarer variants (possibly with larger effects) that are not present on genotyping arrays or structural variants poorly captured by existing arrays [16, 17] . Supporting the rare variant hypothesis, resequencing studies targeting established RA risk loci identified numerous rare nonsynonymous variants for a number of loci, and exclusive to RA patient samples [18] .
For JIA and other complex diseases, next generation sequencing (NGS) offers the possibly to directly detect infrequent variants in the many different genes contributing to disease. NGS can be applied to the whole genome, the exome (all exons) or targeted to specific loci relevant to disease. NGS data comprise numerous short read sequences 50-150 bases long, which overlap with each other and can be aligned to a reference sequence [19] . NGS is also known as deep or massively parallel sequencing. Errors in the short read sequences occur using this high-throughput approach, but are corrected by overlapping sequences reads such that each base is typically represented by 15-50 overlapping reads, representing the 'sequencing depth'. Typical experiments targeting the whole exome require 30 million reads for each sample, to achieve this desired depth for all genes.
Although conceptually possible, there are barriers for employing NGS for genome-wide, rare variant association studies including sequencing costs and the requirement for vast sample sizes ($25 000 cases) and the development of new analytic pipelines [20 && ]. Furthermore, existing single-variant tests cannot distinguish between causal and LD -induced association and may be underpowered for identifying rare or low-frequency associated variants, yet using variant grouping methods will not identify individual causal variants. A method that combines LD with known genome-wide association signals and functional conservation has been proposed as a solution to accurately detect causal variants [20 && ].
EXPRESSION QUANTITATIVE EXPRESSION LOCI
Gene transcript and protein abundance may be directly modified by polymorphisms in regulatory elements, which are referred to as expression quantitative trait loci. Expression quantitative expression locis may act in cis (locally) or trans (at a distance) to a gene. Gene expression is tightly regulated and dependent on the context of relevant cell or tissue types in a particular biological state and highlighted in recent publications [21, 22] . This context-dependent specificity means that previous studies using lymphoblastoid cell lines and other tissues, although providing important insights, may not capture the in-vivo activity of particular variants. Analyzing SNP associations in the context of gene transcription increases the capacity to detect diseasecausing genomic loci.
NONCODING GENETIC RISK VARIANTS
The Encyclopedia of DNA Elements (ENCODE) project (www.genome.gov/Encode/) has provided a wealth of information to define the functional DNA elements in the human genome in a cell-type specific manner [23 && ]. Work by the ENCODE consortium has demonstrated fundamental new characteristics of the human genome and assigned biochemical functions for approximately 80% of the genome [23 && , 24, 25] . ENCODE data indicate about three-quarters of the human genome is capable of being transcribed, thus challenging the concept of a gene [26] .
The term 'epigenome' meaning 'on or above genomes' was coined to describe genome-wide chromatin modifications, including DNA methylation, histone methylation, chromatin accessibility, small and long ncRNA and 3D chromatin interactions [27] . JIA risk loci are most commonly found in the noncoding regions of the genome and may alter the epigenome. The epigenetic features related to disease are even more complex than genomic features because hundreds of epigenomes relate to the single genome of an individual. Theseepigenomes correspond to various types of epigenomic marks that differ by developmental state and tissue type. Genome-wide measurements of chromatin conformation [28] and characterization of new long-range interactions between genes using 5C (chromosome conformation capture carbon copy) technology [24] are just two of the new valuable resources available from ENCODE as a comparator when investigating the mechanisms by which variation in the JIA genome contributes to disease. The International Human Epigenome Consortium is mapping 1000 reference epigenomes (www.ihec-epigenomes.org/). Data sets for human blood CD4þ T lymphocytes and CD14þ monocytes in healthy individuals are complete, whereas analysis of CD4þ T lymphocytes from lupus and scleroderma patients is in progress. Similar work is planned for RA (http://ihec-epigenomes.org/ outcomes/datasets/) but not yet for JIA. Nonetheless, information from normal human blood or tissues and adult autoimmune diseases will serve as a useful resource in understanding disease mechanisms.
Studies relating epigenomes to disease can be termed 'eGWAS': epigenome-wide association studies [29] . In JIA, a genome-scale analysis interrogated the methylation state of promoter regions in purified peripheral blood CD4þ T cells from methotrexate naïve patients and healthy age and sex-matched controls [30 & ]. Altered methylation can impact on gene activation and silencing. Reduced methylation in the JIA Interleukin-32 regulatory region was found, which may impact on isoform switching (Interleukin-32g to Interleukin-32b switching was associated with reduced chronic inflammation in RA patients) [31] . Angiogenic functions for Interleukin-32 have also been described [32] consistently with mechanisms reported in JIA pathogenesis [33] , adding further significance to eGWAS findings. Genome-wide methylation studies have provided interesting findings in lupus related to interferon pathways [34, 35] and within the HLA locus in RA [36] .
Most human RNA transcripts are not translated to protein, but instead represent ncRNAs with important biological roles in modulating epigenetic regulation [37] . There are many types of ncRNA, including lncRNA (> 200 nucleotides long) and microRNAs (miRNA $22 nucleotides long). lncRNA interact with chromatin regulators to guide them to chromatin [38] whereas miRNAs function as posttranscription repressors [39] . Both ncRNAs mediate gene expression in a sequencedependent manner. Data from a cohort of 150 enthesitis-related arthritis patients demonstrated that disease susceptibility was associated with miRNA-146a and a polymorphism in its target gene IRAK1 [40] . Given the reported hypoxic environment in the JIA joint, hypoxia-induced miRNAs could be important players in regulating JIA gene expression. For example, the hypoxiaregulated microRNA miR-210 negatively regulates the Th17 pathway [41] that has pathogenic roles in the JIA joint [42] . Furthermore, for RA, decreased expression of miR-146a and miR-155 were found to contribute to an abnormal Treg phenotype [43 & ]. The role of miRNA in the balance of inflammation and T cell regulation in JIA remain important areas of investigation.
Transcription factors bind to thousands of regulatory elements, including promoters, enhancers, silencers and insulators. By combining chromatin immunoprecipitation (ChIP) and massively parallel sequencing, ChIP-Seq can be used to accurately survey interactions between protein, DNA and RNA and specifically identify these regulatory elements. This is important as the casual variant may impact transcription factor binding by creating or destroying canonical transcription factor binding sites leading to altered gene expression. A systematic comparison of the models that predict transcription factor binding sites completed by Weirauch et al. [44] resulted in improved algorithms to narrow potential candidates to be tested using wet lab techniques which measure protein-DNA interactions, such as electrophoretic mobility shift assay and high-throughput systems such as protein binding microarrays [45] .
GENOME EDITING
Demonstrating the variant's function in disease pathology is important to understanding disease mechanism and identifying new therapeutic targets. Introducing precise changes in the DNA sequence is termed genome editing, and is used to artificially recreate the variants in model systems relevant to disease. Multiple artificial nuclease systems can be used for genome editing in both cells and model organisms. For example, zinc finger nucleases are site-specific enzymes that introduce DNA doublestrand breaks enabling gene disruption or gene insertion, and widely used [46] [47] [48] transcription activator-like effector nucleases can also be programed to target specific DNA sequences and do this by shuffling amino acid recognition motifs [49] [50] [51] . An approach using a heteroduplex assay in HEK293 T cells was recently developed to alleviate challenging steps in screening for nuclease modifications [52] .
Genome editing with the clustered regularly interspaced short palindromic repeats or CRISPRassociated (CRISPR-Cas) is considered a simpler alternative to the systems described above and relies on RNA rather than protein sequence to target specific DNA sequences [53] . CRISPR RNAs guide the Cas9 endonuclease to complementary DNA sequences for subsequent cleavage. Sequence specificity for Cas9-mediated DNA cleavage requires the genomic locus of interest to be followed by the nucleotide sequence "NGG" as the protospacer adjacent motif. Ideally, these RNA guides are designed to not have off-target effects. To facilitate this, a genome-wide binding map for the CRISPR endonuclease has been developed [54 & ]. CRISPR technologies have been successfully used to create a gene-knockout library to screen for novel genes involved in bacterial toxinresistance [55 & ], generate mice containing reporter and conditional alleles [56] and modify human cells [57, 58] . These genome editing tools will facilitate screening of JIA risk variants to assess roles in disease causality and function and perhaps find a replacement for the term 'idiopathic' in JIA.
CONCLUSION
GWAS studies fail to capture all genetic variation related to disease, and do not address the causal nature of genetic variation. NGS continues to fuel the discovery of rare variants and eventually may replace SNP based association studies. The recent annotation of the human genome provides a foundation for functional validation of associated risk variants. Bioinformatic integration of genetic association findings with the developing set of functional annotations in the context of LD can be used to predict function and guide experimentation to address long standing questions related to disease mechanisms, causation and disease heterogeneity and ultimately translated into new tools for the clinician and patient. The JIA Immunochip consortium published the findings of Immunochip analysis of over 2800 subjects with polyarticular and oligoarticular JIA. Seventeen loci were associated at genome-wide levels of significance, and 11 additional loci were identified at suggestive levels of association. Highlights important pathways involved in JIA pathogenesis.
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